PURPOSE. To observe the age-related changes in crystalline lens power in vivo in a noncataractous European population.
T he crystalline lens is a refractive element in the posterior chamber of the eye that has a biconvex shape and a gradient refractive index. 1 This gradient index originates from a difference in concentration of crystallins located in the cytoplasm of lens fiber cells, with high concentrations in the lens nucleus and lower concentrations in the lens cortex, together with a gradient in distribution of crystallin types. 2 With age, the human lens grows by a process of epithelial cell division and the formation of differentiated fiber cells that alters the dimensions of the lens, including mass, thickness, radii of curvature, and refractive index. 3, 4 Since the total lenticular power depends on all these parameters, 5, 6 this results in a gradual change in lenticular power as well.
There have been many attempts in the literature to determine the refractive lens power in vitro or in vivo, both of which suffer from their own challenges. In vitro studies, for example, determine the lenticular power using isolated donor lenses that are removed from their natural position and zonular tension. This leads to shape changes equivalent to that of a maximally accommodated lens, 7 which can be counteracted by using a stretching apparatus to restore the original shape. Furthermore, attention has to be given to storage, avoiding swelling, and handling, which could alter the internal structure of the lens. 8 In vivo assessment of the lenticular power, on the other hand, is challenging due to the position of the lens inside the eye, which impedes measuring its power directly. There is an indirect method called phakometry, however, that determines the radii of curvature by analyzing the location and relative sizes of the Purkinje reflections. 9, 10 But since these devices are not available commercially, other indirect approaches for estimating lens power have been proposed. One such approach is Bennett's formula, 11 which calculates the equivalent lens power based on ocular biometry and refraction, assuming that the lens is similar to that of the Gullstrand-Emsley model eye. 12 This method produces power values similar to those with phakometry 13 but requires knowledge of lens thickness, which is not always available in clinical practice. In those cases the thin lens formula by Bennett and Rabbetts 14 can be used instead. The accuracy of these formulas depends on the validity of biometric parameters included, 15 and they may be modified and refined to match the best prediction of the power of the human lens. 16 Lens power has an important influence during the emmetropization process in infancy 17 when the lens power decreases significantly to play a key role in the refractive adjustment of the eye during growth. 18, 19 During this time the crystalline lens loses approximately 20 diopters (D) of power, from 43 to 47 D in infancy to 25 D by the age of 6, 20 which continues to decrease further to 21 to 22 D at the onset of adulthood. 21 a few epidemiological studies available on this topic. In vitro studies show a linear decrease of the isolated lens power with age, [22] [23] [24] after which some authors report a linear age-related increase after the age of 50 to 60. 5, 7 The purpose of this study was to verify whether this particular relationship between crystalline refractive power and age may also be observed in vivo by studying the agerelated changes in crystalline lens power for a European population, and to examine its relationship with sex and other biometric parameters.
MATERIALS AND METHODS

Subjects
Subjects were recruited through Project Gullstrand, a European multicenter study with the goal to determine the average biometric values of human eyes. In total, nine centers in six European countries gathered biometry data of healthy, phakic Caucasians in the period between January 2011 and July 2013. Exclusion criteria for the study were subjects younger than 20 years, a refraction outside the interval 610 D, a self-reported history of previous ocular surgery or ocular pathologies, cataract (LOCS III 25 : nuclear opacities 2, other opacity types < 1), amblyopia, wearing hard contact lenses, self-reported systemic diseases (e.g., diabetes, multiple sclerosis), or a pregnancy of more than 5 months. The study adhered to the tenets of the Declaration of Helsinki and received approval from the ethics committee of the Antwerp University Hospital (Ref. B30020072406) and all other participating sites. Signed informed consent was obtained from each volunteer prior to participation.
In total, 1069 individuals (490 males, 579 females) were included, with a mean age of 44.2 6 14.2 years (range, 20-85 years). No cycloplegia was used to remain as close to the everyday physiological condition of the eye as possible. This may have introduced a small refractive shift, especially in the subjects below the age of 50. 26 
Measurements and Calculations
The objective refraction was measured with an autorefractometer (varies per center), while the anterior chamber depth (ACD) and corneal shape parameters were collected with a Scheimpflug camera (Pentacam, Oculus Optikgeräte, Wetzlar, Germany; Galilei, Ziemer Ophthalmic Systems, Port, Switzerland; Sirius, CSO, Scandicci, Italia). Finally the axial length was determined with a partial coherence biometer (IOL Master, Carl Zeiss, Jena, Germany, or Lenstar, Haag-Streit, Koeniz, Switzerland). At this time the presence of nuclear lens opacification was also checked using the Scheimpflug images. Note that since the biometry was determined with various devices, special statistical considerations are needed to account for between-center differences. 27 As lens thickness was not available for all subjects, lens power P L was calculated using the modified Bennett-Rabbetts equation 16 :
with L the axial length, S CV ¼ SE/(1 À 0.014 Á SE) the spherical equivalent refraction at the corneal vertex, c ¼ 3.304 mm the average distance between thin lens position and anterior lens surface, and n ¼ 1.336 the refractive index of aqueous and vitreous humors. 16 We implemented Manns' correction (Manns F. IOVS 2014;55:ARVO E-Abstract 3785) to account for the influence of the posterior cornea on the lens power calculation by using the total corneal power
Here K m,a and K m,p are the mean anterior and posterior keratometry, respectively; CCT is the central pachymetry; and n c ¼ 1.376 the corneal refractive index. This also requires defining the ACD as the distance between the second principal plane of the cornea and the anterior lens plane, which is calculated by
Although data from both eyes were collected, only one randomly selected eye was used per subject to avoid the influence of high intraindividual correlations of biometric factors.
Statistical Analysis
This work used biometric data from various sites, which means that minor differences in average age, sex balance, and equipment are to be expected. As this could influence the results, intraclass correlations (ICC) were used to estimate the importance of the between-site differences. If necessary, suitable adjustments could be made.
Each parameter was described by sex and binned per 5 years of age. Student's t-test was used to compare the biometric parameters by sex. The lens power for each age category was compared through an ANOVA, followed by post hoc testing to assess the progress of lens power with age. Similarly, the influence of axial length and refraction was determined as well. Correlations of the parameters with biometry were analyzed by Pearson correlation coefficients. A univariate general linear model was applied to the data, and a simple main effects analysis evaluated the interaction between age and sex further. Significance levels of 0.05 were used throughout the analysis. The data were analyzed using SPSS version 21.0 for Windows (IBM Corp., Armonk, NY, USA).
RESULTS
Between-Site Effects
We used mixed effects models to calculate the ICC for P L , L, ACD, K, and SE after correction for age and sex differences to estimate systematic between-site effects. These ICC coefficients were found to remain very small (between 0.006 and 0.065), making adjustments for between-site effects unnecessary. Table 1 gives the descriptive statistics for the total population of 1069 Caucasians from six different countries, split up by sex. The mean spherical equivalent refractive power was À0.84 6 2.16 D, while the mean refractive power of the lens and cornea were 24.96 6 2.18 and 42.16 6 1.40 D, respectively. The distribution of the lens power had a broad, Gaussian shape ( Fig. 1 ). Significant differences between male and female eyes were found for corneal power (unpaired t-test, P < 0.001), ACD (P < 0.001), axial length (P < 0.001), and lens power (P < 0.001), but not for refraction (P ¼ 0.183). Women had shorter eyes, shallower anterior chambers, higher corneal power, and a higher lens power than men. 
Descriptive Statistics
SE, D <À5 À5 < z < À3 À3 < z < À1 À1 < z < þ1 þ1 < z < þ3
Influence of Age
There was a negative correlation between lens power and age (Pearson r ¼À0.437, P < 0.01). Binned per 5 years of age, lens power undergoes a near-monotonous decrease ( Table 2 ; Fig.  2 ), which was found to be significant (ANOVA, P < 0.001). A post hoc Student-Newman-Keuls analysis demonstrated that lens power was more similar for younger age categories, while for older age categories these were less similar (last columns in Table 2 ). This is indicative of a higher rate of lens power decrease for older ages, which contradicts the in vitro reports.
Correlation With Sex and Biometry
The correlation of lens power with biometry was significant for axial length L (Pearson r ¼À0.523, P < 0.01) and ACD (r ¼ À0.161, P < 0.01), meaning that an increase in lens power is correlated with a decrease in axial length or ACD. Spherical equivalent (P ¼ 0.450) and corneal power (P ¼ 0.058) were not significantly correlated with refractive lens power. The correlation between refraction and lens power was investigated further by dividing refraction into 2-D bins ( Table  3) . Subsequent ANOVA showed a significant difference between refraction groups (P < 0.001), with emmetropic eyes having significantly higher lens powers than either high myopes or hypermetropes (Tamhane's T2 post hoc test). No significant differences were seen between high myopes (SE < À5 D) and hypermetropes (SE > þ1 D; Tamhane T2: P > 0.99). This is also seen in Figure 3A , where lens power seems to follow an arc shape as a function of refraction.
Repeating the same analysis by dividing eyes into 1-mm bins according to axial length demonstrated a significant decrease in lens power with increasing axial length (ANOVA, P < 0.001; Fig. 3B , Table 4 ).
There was also a small but significant interaction between age and sex for lens power (two-way ANOVA, P ¼ 0.012), which accounted for 27.6% of the lens power variation. This interaction was analyzed further using a simple main effects analysis, which showed that sex influenced lens power significantly in almost every age category except 60 to 65 (F ¼ 1.086, P ¼ 0.298) and >70 (F ¼ 2.740, P ¼ 0.098). A plot of the estimated marginal means of lens power by sex showed nearly parallel lines (Fig. 4) , indicating that the changes in lens power occur equally in both sexes.
DISCUSSION
These results suggest that the in vivo crystalline lens power calculated with the modified Bennett-Rabbetts method follows a biphasic course, with a flat linear decrease at young ages and a faster decrease after the age of 55. This course is in contrast with the literature, where Glasser and Campbell, 5 as well as Borja et al., 7 reported an increase in lens power after the age of 50 to 60, 5, 7 Jones et al., 23 and Atchison et al. 28 found a monotonous linear decrease, and Olsen et al. 29 reported no correlation between lens power and age between 55 and 100 years of age. Finally, Iribarren et al. 30 even reported a very mild increase and subsequent decrease in lens power in Iranian subjects between 40 and 64 years of age. From this overview of the literature we find that, although most of these articles confirm that lens power changes with age and that the rate of this change somehow alters between the age of 50 and 60, in vitro and in vivo studies seem to disagree on the exact course of this altered rate of change (Fig. 5) .
The source of this disagreement between studies may lie in the methodology used. In three studies the experiments were performed on postmortem donor material, in which the lenses entered a state of maximal accommodation as they were removed from zonular tension. This can be counteracted by placing the lens in a stretching apparatus, as was done by Glasser and Campbell, 5 and Borja et al. 7 Jones et al., 23 on the other hand, did not stretch their lenses, and consequently reported lens power values that were considerably higher ( Fig. 5 ). While in either case the age-related decrease in isolated lens power was found to match the in vivo decrease in accommodative amplitude quite well, 7,23 the lens powers and the rates of power change with age reported by the in vitro studies are considerably higher than those of the in vivo studies. This may indicate that even when placed in a stretching apparatus, the optical properties of the lens still differ from the physiological suspension inside the eye.
There are also methodological differences between the four in vivo studies, most prominently in the methods used to determine lens power and cycloplegia of the subjects. Olsen et al. 29 used a variation of the Olsen IOL formula 31 on data from noncyclopleged Icelandic subjects between 55 and 100 years old, 29 while Atchison et al. 28 performed phakometry on noncyclopleged subjects, Iribarren et al. 30 applied the Bennett formula to data of middle-aged Iranian subjects after data, the influence of accommodation can be excluded from these two data sets. The lack of cycloplegia in the current study may have caused some of our subjects below the age of 50 to accommodate during measurement, which would increase lens power in the younger age categories, thus steepening the lens power decrease on the left-hand side of Figure 2 . The influence of this effect can be estimated by referring to a recent article by Morgan et al., 26 who found that in subjects aged 20 to 50 years the mean difference between cycloplegic and noncycloplegic refraction can be up to 0.20 to 0.25 D for myopes and emmetropes, and up to 0.50 to 0.65 D for hypermetropes. This corresponds with lens power increases of 0.37 and 0.95 D for myopes/emmetropes and hypermetropes, respectively. Therefore the lens power decrease we found before the age of 50 may have been exaggerated by this amount, although the actual amount is likely to be smaller, as not all subjects will accommodate and the proportion of hypermetropes was less than 20% in the present cohort.
The lens power formulas used in the in vivo studies are unlikely to be a great source of disagreement either, as the Bennett and the Bennett-Rabbetts formulas have been shown to agree well with each other. 16 Another issue is the use of the total corneal power (i.e., including the contribution of the posterior corneal surface) rather than the use of the anterior cornea alone. This procedure was first suggested by Manns (Manns F. IOVS 2014;55:ARVO E-Abstract 3785), and can be obtained by either adjusting the keratometric refractive index (e.g., to n ¼ 1.3315) or by combining both the anterior and posterior surface powers into a total power value. This procedure caused our mean lens power value to be approximately 1 D higher in comparison to the literature.
Although the processes behind the gradual decrease in lens power with age are well known, 17 it remains unclear why the rate of the lens power decrease seems to change between the ages of 50 to 60 years. Glasser and Campbell 5 and Borja et al. 7 attributed the increase they found to the presence of cataract in some of their investigated lenses, which is known to cause myopic shifts. 32 Similarly, Olsen et al. 29 mentioned that the cataract in some of their subjects may have influenced their lens power values. Finally, in Atchison et al., 28 Iribarren et al., 30 and the current study, all subjects with cataractous lenses were excluded, which could be why these studies showed a power decrease after the age of 60.
Note that the studies above are all cross-sectional rather than longitudinal, which implies that the results may have been influenced by gradual changes within the cohorts used. Examples of such effects are the increase in lens power before the age of 50 seen in Iranian adults, 30 which was attributed to differences in height, with younger people being taller than older people, or the increasing prevalence of myopia in young subjects, which will undoubtedly influence lens power as well.
According to some studies, refractive error in adults is not significantly associated with crystalline lens power, 30, 33 while others reported a negative correlation, with higher lens powers in myopes. 15, 29 This is in contrast to the positive correlation found in children's eyes, with hypermetropes having higher refractive lens powers than emmetropes or myopes, 34, 35 while the current study suggests that emmetropic eyes have significantly higher lens powers than in high myopes or hypermetropes. The positive correlation between lens power and spherical refraction in myopes also 23 (20 eyes, unstretched in vitro using magnetic resonance imaging), Borja et al. 7 (51 eyes, stretched in vitro using lens meter), Olsen et al. 29 (325 eyes, in vivo using Olsen method and noncyclopleged refraction), Atchison et al. 28 (66 eyes, in vivo using phakometry and noncyclopleged refraction), Iribarren et al. 30 (1926 eyes, in vivo using Bennett method and cyclopleged refraction), and the current study (1069 eyes, in vivo using Bennett-Rabbetts method and noncyclopleged refraction). matches the known association between lower lens power and increasing axial length. 15, 18, 29, 30, 34, 36 A myopic eye is usually longer, thus requiring a weaker lens to emmetropize, while a hypermetropic eye is typically shorter, requiring a stronger lens. At a certain age the correlation between spherical refraction and lens refractive power changes from positive to negative, which Iribarren 17 explained through the hypermetropic shift that occurs in adulthood. As the prevalence of hypermetropia increases with age 37 while the lens power decreases, the group of hypermetropes will consist of a mixture of newly developed hypermetropes with low lens power and a small portion of persistent hypermetropes with a higher lens power. 17 This new balance could reverse the correlation between lens power and refraction, and would explain why in the present study lens power is lower in the hypermetropic group in comparison with the emmetropic group. Still, our study shows higher lens powers in emmetropic subjects than in myopic subjects, similar to the correlation found in childhood. This could be explained by the fact that cataractous lenses were not included in this study, which would have increased lens power in older age due to a cataract-induced myopic shift. Through exclusion of cataractous lenses, the myopic subpopulation consisted largely of myopes since childhood, thus having a lower lens power. This is in contrast with the Reykjavik Eye Study 29 and the CIEMS study, 15 where lens power calculations were based on adults over the age of 50 and where cataractous lenses were not excluded. In order to shed some light on these issues, we recommend that future population-based studies follow a longitudinal setup to further explore the balance between refraction, lens power, and ocular biometry.
